Introduction
Coordination at multiple levels, e.g. between muscles within a synergistic group, over one or more joints, and between limbs, is required to achieve the vast majority of movements. With multiple muscles able to act upon the same joint, many different muscle coordination strategies are theoretically possible to achieve the same motor goal (Diedrichsen et al., 2010; Kutch and ValeroCuevas, 2011) . Force-sharing among synergistic muscle groups has been studied extensively in animal models as well as by using biomechanical models (reviewed in Herzog (2000); Herzog (2017) . Even though these works provided substantial insight into muscle coordination strategies, they did not identify the factors that influence the coordination of synergist muscles that act across the same joint, even during simple isometric tasks. Addressing this issue is fundamental to understanding the control of movement, and requires knowledge of the relationship between the activation a muscle receives and its force-generating capacity.
Large interindividual variability in the distribution of force-generating capacity exists among synergist muscles. For example, the ratio of physiological cross-sectional area (PCSA) between the vastus lateralis [VL] and vastus medialis [VM] measured on 12 human cadavers varied between 47.3 and 68.3% (Farahmand et al., 1998) . It is unclear how the nervous system accounts for these individual differences in force-generating capacity. There are several hypotheses. First, activation is equally shared between synergist muscles, in which case the imbalance of force would match the imbalance of force-generating capacity (solution 1, Fig. 1 ). Second, the force sharing strategy is similar among individuals with either balanced or imbalanced force between synergist muscles. In this latter case the distribution of activation would vary between individuals (solution 2, Fig. 1 ). Third, the muscle with the higher force-generating capacity receives greater activation, in which case the overall activation would be reduced but a large imbalance of force would exist (solution 3; supported by some biomechanical models (Crowninshield and Brand, 1981) , Fig. 1 ).
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Finally, it is possible that there is no specific coupling between activation and force-generating capacity (solution 4, not shown in the figure) . Hug et al. (2015) reported a large positive correlation between the ratio of muscle activation (quantified using electromyography [EMG] ), and the ratio of muscle force-generating capacity (i.e. the muscle physiological cross-sectional area [PCSA] ), between two synergist muscles of the thigh (vastus lateralis [VL] and vastus medialis [VM] ). Specifically, individuals with greater force-generating capacity of VL compared with VM exhibited a stronger bias of activation to VL.
However, interpretations of this neuromechanical coupling in terms of motor control principles and biomechanical consequences remain unclear. First, it is likely that this coupling contributed to reduce the average activation of the whole muscle group, leading to a lower effort (Fig 1) .
However, due to limitations of measuring activation of the deep vastus intermedius muscle through surface electrodes, this hypothesis has not been tested. Second, the neuromechanical coupling reported by Hug et al. (2015) logically led to a force imbalance between VM and VL, the magnitude of which varied greatly between participants. However, the quadriceps muscle is not an ideal model to understand the mechanical effect of this force imbalance on the non-muscular structures. This is because a force imbalance between VL and VM can be counterbalanced at the joint level by different moment arms. In addition, the difference in PCSA between VL and VM is moderate. It is unclear how the activation is distributed between synergist muscles with much larger difference in force-generating capacity. If such a coupling persists, a dramatic imbalance of muscle force would be observed. This imbalance could have important mechanical effects on the soft tissues and joint structures, with either positive (e.g. adaptation in mechanical properties, tissue remains functional) or negative consequences (pathological changes in the tissues).
The human triceps surae is an ideal muscle group to provide insight into the coordination of synergist muscles that act across the same joint. First, activation of each of the three heads of the triceps surae (gastrocnemius medialis [GM] , gastrocnemius lateralis [GL] and soleus [SOL] ) can Journal of Experimental Biology • Accepted manuscript be measured using surface EMG. Second, each head is connected to a fascicle bundle of the same tendon, the Achilles tendon (Szaro et al., 2009 ). As such, an imbalance of force between the three heads is likely to have mechanical effect on the tendon as suggested in cadaver preparations (Arndt et al., 1999) and from computational modelling (Handsfield et al., 2016) . Third, the three heads of the triceps surae have large differences in physiological cross-sectional area; i.e. GM PCSA is 2.1 times larger than GL, and SOL PCSA is 2.6 and 5.5 times larger than that of GM and GL, respectively (Albracht et al., 2008) . Finally, this muscle group is composed by two biarticular (GL and GM) and one monoarticular muscle (SOL) providing the opportunity to test whether a similar coupling between the distribution of activation and the distribution of force-generating capacity exists between synergist muscles with different functions.
The overall aim of this study was to determine the relationship between the ratio of activation measured during an isometric submaximal plantarflexion task and the ratio of force-generating capacity between the three heads of the triceps surae. The comparison of GM and GL enables us to understand the activation distribution of two muscles having identical functions and very different force-generating capacities, while the comparison of SOL and both gastrocnemii (Gas) provides insight into the activation distribution of muscles with different functions. We tested two hypotheses: 1) a positive correlation between GM/Gas activation and GM/Gas PCSA would exist, demonstrating a coupling between the distribution of activation and the distribution of forcegenerating capacity for GM and GL (solution 3 on the Fig. 1 ) but not for muscles with different functions (SOL and Gas), 2) this coupling would contribute to reduce the overall activation of the triceps surae and the metabolic cost. Further, we described the interindividual variability of the force sharing strategies. Data are discussed in relation to possible mechanical effects on the Achilles tendon.
Material and methods
Participants
The study was conducted with 20 healthy volunteers (age: 26±6 years, height: 173±11 cm, body mass: 64.3±12.4 kg; 10 males and 10 females). Participants had no history of lower leg pain that had limited function or required them to seek intervention from a healthcare professional within the past six months. Participants were informed of the methods used before providing written consent. The experimental procedures were approved by the local ethics committee (Rennes Ouest V -CPP-MIP-010) and all procedures adhered to the declaration of Helsinki.
Protocol
Within a 2-month period, participants attended three sessions: one magnetic resonance imaging (MRI) session where images were taken and used to measure muscle volume and tendon moment arm (moment arm data not reported here); and two experimental sessions during which they performed a series of maximal and submaximal isometric plantarflexion tasks while muscle activation was recorded. The two experimental sessions were interspaced by at least one day, in order to test the between-day reliability of muscle activation strategies. Measurements of fascicle length and pennation angle needed for functional PCSA estimation were performed following the plantarflexion tasks, during one of the two experimental sessions.
During the experimental sessions, the participants performed isometric plantarflexion tasks lying prone (hip and knee fully extended) on a dynamometer (Con-Trex, CMV AG, Dübendorf, Switzerland). This knee position ensured a contribution of the three heads of the triceps surae to plantarflexion torque. The right foot was fixed to the dynamometer with inextensible straps. After a standardized warm-up, the participants performed five maximal isometric voluntary ankle plantarflexions (MVC) for 3 s, with 120 s rest in between. Two out of the five MVC's were randomly chosen to test the voluntary activation level using the twitch interpolation technique.
This procedure (described in detail below) aimed to determine if the participants produced true maximal efforts. The submaximal tasks involved: i) submaximal isometric torque-matched tasks set at 20% of MVC, and ii) increasing isometric plantarflexion torque linearly from a relaxed state to 70% of MVC over a 10-s period. Each submaximal task was repeated four times (eight contractions in total) in a random order. Feedback of the torque output was displayed to the experimenter and the participant.
Estimation of muscle activation

Surface electromyography
Myoelectrical activity was collected from three muscles of the right leg: GM, GL, and SOL. Skin was first shaved and cleaned with alcohol to minimize the skin-electrode impedance and facilitate electrode fixation. For each muscle, a pair of surface Ag/AgCl electrodes (diameter of the recording area: 5 mm; Kendall Medi-Trace TM , Canada) was attached to the skin with a ~20 mm inter-electrode distance (centre-to-centre). Electrode location was checked with B-mode ultrasound (v11.0, Aixplorer, Supersonic Imagine, Aix-en-Provence, France) to ensure that they were positioned away from the borders of the neighbouring muscles and aligned with fascicle direction. Electrode cables were well secured to the skin with adhesive tape to minimize movement artefacts. Electromyography (EMG) signals were pre-amplified close to the electrodes and digitized at 1000 Hz using an EMG amplifier unit (ME6000, Mega Electronics Ltd, Finland).
Voluntary activation level
For each muscle, the EMG amplitude recorded during submaximal contractions were normalized to that measured during MVC. It was therefore critical that each participant produced a true maximal contraction. To verify that the plantar flexors were maximally activated, a doublet electrical stimulus (inter-stimulus interval: 10 ms; duration of the stimulus: 1 ms; amplitude: 400
Journal of Experimental Biology • Accepted manuscript V) was delivered during two of the five MVC, by a constant current stimulator (DS7AH, Digitimer, UK) through two electrodes. This was delivered to the tibial nerve using the selfadhesive cathode (50 mm diameter), placed over the nerve in the popliteal fossa, and the anode (80 × 130 mm) placed over the anterior tibial tuberosity. To determine the maximal amplitude of the resting twitch, the output current was incrementally increased (from 0 mA, with an incremental step of 5 mA) until a maximum ankle plantarflexion torque was reached despite an increase in current intensity. To ensure maximal response during testing, a supramaximal stimulus intensity of 120% of the intensity previously determined was used (mean: 127.5 ± 38.6 mA). Participants were informed about the electrical stimulation just prior to these particular contractions. The supramaximal doublet stimulus was delivered during the plateau of the MVC, and within five seconds in the subsequent rest period to elicit superimposed and resting twitches, respectively.
Mechanical and electromyography data analysis
Force and EMG signals were processed using MATLAB (The Mathworks, Nathicks, USA). Force signals were low-pass filtered at 10 Hz. Then, MVC torque was calculated from the maximal contractions performed without twitch interpolation as the maximal torque over a 300-ms moving average. The percentage of voluntary activation was measured from the torque signal according to the equation of (Todd et al., 2004) : Note that the GM/Gas ratio was also considered and calculated as follows:
× 100
(Eq. 3)
Muscle physiological cross-sectional area
Because of the pennated structure of the three muscle heads, not the whole component of the force developed by the fibres act in the line of action (Haxton, 1944) . Therefore, the pennation angle was considered for functional PCSA calculation, as proposed in previous work (Lieber, 2002; Sacks and Roy, 1982 Two to three volumes were acquired to cover the whole lower leg, with the participants in supine position, lying with their hip and knee fully extended, and the foot held perpendicular to the shank.
MR images were analysed using 3D image analysis software (Mimics, Materialise, Belgium). GM, GL and SOL were segmented manually on each slice by an experienced examiner, from the distal slice, where the SOL could first be visualized to the most proximal slice, where the GM and GL insertion were visible. As GL and SOL were fused in some slices within the proximal region, we used the visible landmarks on the preceding and subsequent images to assist the segmentation between muscles. A 3D reconstruction was performed (Mimics, Materialise, Belgium; option = optimal; Fig. 2 ) before the volume of each muscle was calculated.
Muscle fascicle length and pennation angle
An ultrasound scanner (Aixplorer v11.0, Supersonic Imagine, France) coupled with a 50 mm linear probe (4-15 MHz; SuperLinear 15-4, Vermon, Tours, France) was used in panoramic mode to assess the fascicle length of GM, GL, and SOL muscles. This mode uses an algorithm that fits a series of images, allowing scanning of entire fascicles within one continuous scan (Hedrick, 2000) .
The advantage of this method over classical measurements from one B-mode image is that it does not require extrapolating the non-visible part of the fascicle, therefore providing a more accurate estimation of muscle fascicle length (Noorkoiv et al., 2010) .
To verify the accuracy of the in-built panoramic mode, we performed a pilot study on a bovine sample (about 30 × 10 × 5 cm). Four needles were inserted through the meat sample. The needle extremities remained visible outside the meat, and a retro-reflective marker (diameter: 10 mm) was attached to each needle extremity (a total of eight markers). The inter-needle distances were determined using an optoelectronic motion capture system composed of four cameras (Flex 13, Optitrack, Natural Point, USA). The inter-needle distances (from midline to midline) were 4.32,
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4.85 and 6.75 cm; and the straight distance between first and fourth needle was 15.16 cm. Three US panoramic scans were performed; the reliability of the inter-needle distance measured during these three trials was excellent (for all distances, CV < 1.3%). The three trials were averaged, and then compared to the distances measured using the motion capture system, to test the accuracy of the measurement. The absolute error percentage was lower than 2.2%.
For the fascicle length and pennation angle measurement protocol, participants were placed in the same position as was used for the experimental tasks, i.e. lying prone, hip and knee fully extended, and the ankle maintained at 0°. The proximal and distal insertions, and the medial and lateral borders of the GM and GL were located using B-mode ultrasound. A line was drawn on the skin at the middle of the muscle belly from the distal to the proximal insertion following fascicle path.
The US probe was then placed on the line and oriented within the plane of the fascicles. The scan consisted in moving the probe along this line with minimal pressure applied to the skin, to minimise compression of the muscle. Two reconstructed panoramic images were recorded per muscle ( Fig. 3) . To assess the SOL fascicle length and pennation angle, the US probe was placed over the GL myotendinous junction. This probe location was chosen because fascicles were clearly visible. Although SOL has a multipennate structure, a recent study investigating the 3D architecture of the whole SOL muscle reported no difference in fascicle length between its four compartments (medial-anterior, lateral-anterior, medial-posterior, lateral-posterior) (Bolsterlee et al., 2018) . We therefore considered that our probe location provided fascicle length data that was representative of the whole muscle. As SOL fascicle length was shorter than that of GM and GL, entire fascicles were measured from two conventional B-mode ultrasound images. For each image, we aimed to measure three fascicles (proximal, mid distance and distal) leading to a total of up to six fascicles analysed per muscle and per operator. Due to technical problems with some images, an average of 6, 5.5, and 3.9 fascicles were measured for GM, GL, and SOL, respectively. As some fascicles exhibited a small curvature, we used a segmented line with a spline fit to model the
fascicles and calculate their length ( Fig. 3 ; ImageJ V1.48, National Institute for Health, USA). The pennation angle was calculated as the angle between the fascicles and the deep aponeurosis of the muscle. Values were then averaged across fascicles within a muscle to get a representative fascicle length and pennation angle of the whole muscle.
Estimation of an index metabolic cost
As indicated above, muscle force is proportional to the PCSA of active muscle fibres. Therefore, muscles with long fibres require a larger active muscle volume to generate a given force (Biewener, 2016) . As such, they consume more ATP per unit force generated than muscles with short fibres. In this way, an index of overall metabolic cost was calculated by considering active muscle PCSA and muscle volume, as follows:
(Eq. 5) with muscles from 1 to 3 being GM, GL, and SOL.
Estimation of an index of individual muscle force
Even though individual muscle force can be measured in freely moving animals using force transducers placed on each subtendon (Herzog et al., 1993; Walmsley et al., 1978) , this invasive technique cannot be used in humans. The force produced by a muscle depends on both the activation it receives and several biomechanical factors such as its PCSA, force-length and forcevelocity relationships, and specific tension. Because the force-length and force-velocity relationships remain challenging to estimate in-vivo, we focused on isometric contractions during which we considered that these relationships played a minor role in the difference of force produced by the synergist muscles. In other words, we considered that the difference of force between the synergist muscles depended mainly on their PCSA, their activation and their specific tension. Therefore, an index of muscle force was calculated for the 20% hold contraction as follows:
Where RMS EMG is expressed as a percentage of the RMS EMGmax, PCSA in cm 2 and specific tension in N/cm 2 . Given the size principle of orderly recruitment (Henneman and Oslon, 1965; Henneman et al., 1965) , it is likely that small motor units were preferentially recruited at 20% of (Fitts et al., 1989; Larsson and Moss, 1993) . As done for EMG and PCSA, the following ratios of force index were calculated: GM/Gas, GM/TS, GL/TS, and SOL/TS.
Statistics
Statistical analyses were performed in Statistica v7.0 (Statsoft, Tulsa, OK, USA). Distributions consistently passed the Shapiro-Wilk normality test and all data are reported as mean ± SD. To test the robustness of the activation strategies, the between-day reliability of the EMG data was tested using the intra-class correlation coefficient (ICC) and the standard error of measurement (SEM).
Separate repeated-measures analysis of variance (ANOVA) were used to determine whether volume, fascicle length, functional PCSA, and the ratio PCSA/Volume were different between muscles [within subject factor: muscle (GM, GL, and SOL)]. Ratios of muscle activation and ratios of muscle force estimated during the submaximal tasks at 20% of MVC were compared separately with a repeated-measures ANOVA [within subject factor: ratio (GM/Gas, GM/TS, GL/TS and SOL/TS)]. To test the effect of contraction intensity on the ratio of muscle activation, we performed a repeated-measures ANOVA for each ratio of activation separately (GM/Gas, GM/TS,
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GL/TS and SOL/TS) [within subject factor: torque (every 10% from 10 to 70% of MVC)]. When appropriate, post hoc analyses were performed using the Bonferroni test.
To test the first hypothesis, we determined the relationship between the ratio of activation and the ratio of PCSA ratio using Pearson's correlation coefficient. We only considered the GM/Gas and the SOL/TS ratios to understand the neuromechanical coupling of two muscles having identical (GM and GL) or different (SOL and Gas) functions. Note that the correlation made with GM/TS and GL/TS ratio would have contained redundant information with the other two ratios. To test the second hypothesis, we used the Pearson's correlation coefficient to assess the relationship between ratios of activation and either the normalized EMG amplitude averaged across the three muscles or the index of metabolic cost. The level of significance was set at P<0.05.
Results
Muscle activation
Voluntary activation level
The maximal isometric plantarflexion torque measured during the contractions performed without twitch interpolation was 124.0 ± 28.8 Nm. Participants reached a voluntary activation level of 98.4 ± 3.3% (range: 92.1-100%) and 99.1 ± 2.4% (range 95.0-100%) during the first and the second session, respectively. As such, we considered that the maximal RMS EMG measured during the MVC tasks represented the maximal activation for all of the studied muscles.
Isometric contractions at 20% of MVC
The between-day reliability of the normalised RMS EMG values was excellent (ICC>0.81 and SEM<2.8% of RMS EMGmax; Table 1 ). Reliability of the ratio of activation was good to excellent (ICC>0.71 and SEM<6.8%; Table 1 ). Overall, this provides evidence that the coordination strategies were robust between days. Thus, EMG data were averaged between the two sessions for further analysis.
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The activation ratios during the isometric 20% MVC contractions were: GM/Gas: 65.0 ± 13.2%
(range: 37.7 -88.7%), GM/TS: 36.3 ± 11.4% (range: 19.1 -57.0%), GL/TS: 18.8 ± 6.4% (range:
7.3 -31.6%), and SOL/TS: 44.8 ± 8.9% (range: 26.4 -61.0%). GL/TS ratio was lower than both GM/TS ratio (P<0.001) and SOL/TS ratio (P<0.001); there was no difference between GM/TS and SOL/TS ratio despite the P value being close to significance (P=0.06). Notably, there was a large variability between individuals (Fig. 4) .
Isometric ramp contractions
There was a main effect of torque level on both the GL/TS (P<0.001) and the SOL/TS (P<0.001) ratios of activation (Fig. 5) . Specifically, the GL/TS ratio measured at 10% of MVC was significantly lower than that measured at 40% of MVC and above (all P values<0.01). In other words, the relative contribution of GL increased with contraction intensity. Also, the SOL/TS ratio measured at 10% of MVC was significantly higher than that measured at 50% of MVC and above (all P values<0.02). This indicates that the contribution of SOL relative to the whole TS decreased with contraction intensity. Together, these results provide evidence that the contribution of GL and SOL tend to be closer to 33% (i.e. balanced activation between the three muscles) as contraction intensity increased. Note that the GM/TS ratio of activation was not affected by contraction intensity (main effect of torque level: P=0.97), and contributed ~33% of the total triceps surae activation throughout the ramp contraction.
Physiological cross-sectional area
There was a main effect of muscle (P<0.001) on volume, with SOL being systematically larger than GM (P<0.001) and GL (P<0.001). GM was also larger than GL (P<0.001; Table 2 ). There was a main effect of muscle (P<0.001) on fascicle length. Specifically, SOL exhibited a shorter fascicle length than both GM (P<0.001) and GL (P<0.001). Further, GM fascicle length was shorter than GL fascicle length (P<0.001; Table 2 ). There was a main effect of muscle (P<0.001)
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Consistent with volume and fascicle length differences, there was a main effect of muscle (P<0.001) on functional PCSA (Table 2) . SOL PCSA was systematically larger than GM (P<0.001) and GL (P<0.001), and GM PCSA was larger than GL (P<0.001). The ratio of PCSA was 68.6 ± 4.6% (range 55.2-74.0%) for GM/Gas, 27.2 ± 4.0% (range 17.9-33.1%) for GM/TS, 12.4 ± 2.4% (range 8.8-19.5%) for GL/TS, and 60.4 ± 5.2% (range 50.6-68.5%) for SOL/TS. The variability between participants was large (Fig. 5) .
Relation between activation and muscle PCSA
There was a significant positive correlation (r=0.53, P<0.005) between the ratio of GM/Gas activation measured during the force-matched task at 20% of MVC and the ratio of GM/Gas PCSA (Table 3 ). This indicates that the greater the force-generating capacity of GM compared with GL, the stronger bias of activation to the GM. Significant positive correlations were also observed when considering this activation ratio measured during the ramp contraction at intensities between 10 and 50% of MVC (0.51< r <0.62; all P values<0.025; Table 3 ). No significant correlation was observed at 60% and 70% of MVC when the ratio of GM/Gas activation tended toward 50%.
When considering the SOL/TS ratios (activation vs. PCSA), there was no significant correlation (all r values <0.33; all P values>0.05) ( Table 3 ).
Consequences of the neuromechanical coupling on overall activation and metabolic cost
To interpret the consequences of the coupling between the ratio of GM/Gas activation and the ratio of GM/Gas PCSA, we first explored the relationship between the ratio of GM/Gas activation and the normalized EMG amplitude averaged across the three muscle heads. We observed a negative significant correlation at 30% of MVC and above (-0.66<r<-0.42; P<0.05; Table 4 ; Fig 6) . This 
Interindividual variability of force sharing strategies
For the sake of clarity, indexes of force are reported only for the submaximal contraction performed at 20% of MVC. Using Eq. 6, indexes of force were 69.0 ± 37.1 N, 17.3 ± 11.0 N and 200.5 ± 103.1 N for GM, GL and SOL, respectively. The mean ratio of force index was 78.9 ± 12.6%, 26.2 ± 11.8%, 6.0 ± 2.5% and 67.8 ± 11.6% for GM/Gas, GM/TS, GL/TS and SOL/TS, respectively. GL/TS force ratio was significantly lower than GM/TS (P<0.001) and SOL/TS (P<0.001). GM/TS was significantly lower than SOL/TS (P<0.001). Very large variability between individuals is highlighted in Fig. 4 .
Discussion
This study has several novel findings. First, although there was no significant correlation between the distribution of activation and the distribution of force-generating capacity between monoarticular and biarticular muscles (SOL/TS ratio), a positive correlation was observed when considering the two biarticular muscles that share the same function (GM/Gas ratio). Specifically, the greater the force-generating capacity of GM compared with GL, the stronger bias of activation to the GM. Second, a higher ratio of GM/Gas activation was associated with lower triceps surae
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activation and metabolic cost. Third, there was a significant force imbalance between synergist muscles, the magnitude of which varied greatly between participants. These results provide insight into our understanding of the interplay between the activation a muscle receives and its torque generating capacity. Also, these observations may have clinical relevance as they provide the impetus to consider individual muscle coordination strategies as an intrinsic risk factor to the development of Achilles tendinopathy.
Distribution of muscle activation
Because of its important role during balance and locomotion, the triceps surae has received much attention in the literature. In the studies that focused on muscle activation, GM and GL muscles are often considered equivalent such that only GM (Duysens et al., 1991) or GL (Kyrolainen and Komi, 1994) is measured. Further, biomechanical models often consider the GL and GM as a single muscle (Herzog et al., 1991; Winter and Challis, 2008) . However, multiple studies provide evidence that activation is not balanced between these muscles, with the vast majority of studies reporting higher activation for GM than GL during a wide variety of tasks; e. (2014); all being performed during isometric submaximal tasks but in varying positions. Note that an activation biased toward the SOL muscle, which exhibit both the biggest PCSA and the highest slow-twitch fibres content, may reduce the metabolic cost of the contraction at low contraction intensity as discussed below. Logically, the imbalance of activation across GM, GL and SOL tends
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to disappear at higher contraction levels (70% of MVC during the ramped contraction; Fig. 5) where near complete activation of all synergist is required. It is important to note that the aforementioned results are derived from group data that are not representative of each individual.
The vast majority of studies on muscle coordination report values averaged from a group of individuals, making it impossible to appreciate the individual differences in the activation strategies that inevitably exist. Here, we report a wide range of activation ratio during a standardized isometric single-joint task. For example, during the 20% of MVC hold contraction, SOL/TS and GM/Gas activation ratios ranged from 26.4% to 61.0% and from 37.7% to 88.7%, respectively. To the best of our knowledge this interindividual variability has received little attention. During gait, Ahn et al. (2011) reported large differences in the ratio of activation between GM and GL with seven out of the ten participants activating their GM more than their GL, and the other three participants activating their GM and GL nearly equally. However, interpretation of the individual differences during gait requires considerations. Because bodyweight may influence the contraction intensity of the calf muscles during gait and because we report that activation ratios are affected by even small changes in contraction intensity (Fig. 5) , it is difficult to determine whether the variability of activation ratios observed during gait is explained by different mechanical demand related to different bodyweights and/or by actual differences in activation strategies. Activation ratios between the heads of the triceps surae measured during a standardised isometric task have been reported in two previous studies (Masood et al., 2014; McLean and Goudy, 2004) . Their results are in line with our observation that large individual differences in activation strategies exist. The novelty of our study among others is to demonstrate the robustness of these activation ratios across time, allowing us to consider that they represent individual-specific strategies. Another novelty of this study is to consider the relationship with the force-generating capacities, and therefore the mechanical consequence of these individual strategies.
Coupling between muscle activation and PCSA
In this study, we considered both muscle activation and functional PCSA to interpret the mechanical consequences of individual differences in muscle activation. SOL exhibited a much larger PCSA than both GM (× 2.6) and GL (× 5.5) . This large PCSA imbalance was a prerequisite for the present study that aimed to assess the mechanical coupling within a group of synergist muscles with large difference in PCSA. Overall, the PCSA and the volume values we estimated are very close to those reported by Albracht et al. (2008) and by Fukunaga et al. (1996) , respectively. Inspection of data for individual participants revealed large variability of the PCSA distribution among the three heads of the triceps surae, albeit with smaller magnitude than that observed for activation. For example, GM/Gas and SOL/TS PCSA ratios ranged from 55.2% to 74.0% and from 50.6% to 68.5%, respectively. To our knowledge, this is the first study to report such individual differences for this muscle group.
Our first aim was to determine the nature of the relationship between the ratio of activation and the ratio of functional PCSA (considered as force-generating capacity). We observed a positive correlation between GM/Gas activation and GM/Gas PCSA, indicating that the greater the forcegenerating capacity of GM compared to GL, the stronger bias of activation to GM. This was observed for the 20% hold plantarflexion and during the ramp contraction from 10 to 50% of MVC (Table 3 ). This result is in line with previous findings (Hug et al., 2015) showing a similar correlation when considering the lateral and medial heads of the quadriceps.
In the present study, we also considered synergist muscles that share different functions, i.e. monoarticular for SOL and biarticular for GM and GL. When considering data averaged over the whole population, the ratio of SOL/TS activation was higher than both GM/TS and GL/TS activation ratios at low contraction intensities (Fig. 5 ). This strategy seems particularly economic considering that SOL exhibits the larger PCSA (Table 2 ) and the larger proportion of type I fibres (Johnson et al., 1973) . In addition, its architecture with short fascicles ( and SOL/GL ratios, but it is important to note that considering these ratios did not change the outcome, i.e. there was no significant correlation between distribution of activation and distribution of PCSA (-0.20 < r < 0.31). Although we cannot rule out that this absence of significant correlation is explained by methodological considerations as discussed below, we believe that difference in function between SOL and gastrocnemii might explain this result. Indeed, activation of biarticular muscles depends on moment demands at two joints (Prilutsky, 2000) making it complicated to comply at the same time with neuromechanical coupling and the constraints of the task. In other words, the distribution of activation between the monoarticular SOL muscle and the biarticular gastrocnemii muscles cannot be only determined by the difference of force-generating capacity between SOL and gastrocnemii but also need to consider the task constraints, that depend on actions at both the ankle and knee joints. This is in accordance with previous results showing a partial uncoupling of SOL and Gastrocnemii activity in response to altered torque and velocity during pedalling in humans (Wakeling and Horn, 2009 ), during paw shakes in cats (Smith et al., 1980) or during locomotion in cats (Walmsley et al., 1978) . In this later study, SOL force remained constant across speeds (from 0.6 to 3.0 m/s) while GM force increased with speed. As hypothesized for respiratory muscles (De Troyer et al., 2005) , the distribution of muscle PCSA would be optimized to muscle function. As such, for muscles with multiple functions, PCSA might be optimized more for one function than another. The GM and GL muscles, involved in both
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The absence of correlation when considering the distribution of activation and the distribution of PCSA between SOL and Gastrocnemii might also be explained by the large difference in forcegenerating capacity, especially between SOL and GL. In the case of a positive coupling between activation and PCSA, large imbalances of force would be produced between these synergist muscles. These imbalances could ultimately have negative consequences on the Achilles tendon.
Benefits of the coupling between GM/Gas activation and GM/Gas PCSA As presented in Fig. 1 , a positive correlation between the distribution of force-generating capacity and the distribution of activation should lead to an overall lower activation, and thus a lower effort.
This was partially confirmed by the negative correlation between the ratio of GM/Gas activation and the averaged normalized EMG amplitude observed during the ramp contraction at 30% of MVC and above (Table 4 , Fig 6) . The lack of correlation at lower intensities (10 and 20% of MVC) could be explained by the contribution of other non-recorded plantarflexor muscles, which might have a greater relative contribution at these low intensities. For example, even though the participants were instructed to avoid compensatory strategies to produce plantarflexion torque, it remains possible that they used toe flexion at low intensities. Finally, it is also possible that the lack of significant correlation is explained by the relatively small sample size.
Similar results, with slightly larger coefficients of correlation (Table 4) were obtained when considering an overall index of metabolic cost calculated from the ratio PCSA/muscle volume and the relative muscle activation (Eq. 5). Because this index does not consider important parameters such as muscle typology, it represents only a crude estimate of metabolic cost. Despite this, we believe that the significant correlation between this index and the ratio of GM/Gas activation
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provides preliminary evidence that the GM/Gas activation strategy contributes to reduce the overall metabolic cost of the task.
It is important to note that in the triceps surae configuration, the muscle with the shortest fascicle length (SOL) is also the one with the biggest volume; and that the muscle with the longest fascicle length has the smallest volume (GL). This naturally results in the best combination to produce force: the muscle capable to produce the highest amount of force (with the biggest PCSA) is also the one with the most economic metabolic cost (smallest PCSA/volume ratio because of its smallest fascicle length; for review see Biewener (2016)). This can, at least in part, explain the relationship between the index of metabolic cost and the ratio of GM/Gas activation and the higher ratio of SOL/TS activation observed at the group level.
Overall, these results align particularly well with theoretical models (Crowninshield and Brand, 1981; Dul et al., 1984) . For example, Crowninshield and Brand (1981) proposed that individual muscle forces are selected such that the sum of muscle stresses cubed is minimized. Considering the linear relationship often reported between EMG amplitude and muscle force during isometric contractions, it is reasonable to consider that the mean activation that we calculated represents an index of the mean muscle stress. If we considered the cubed sum of normalized EMG amplitude instead of the sum, similar negative correlations with the ratio of GM/Gas activation were observed. Even though the model proposed by Crowninshield and Brand (1981) also predicted a positive correlation between SOL/TS PCSA and SOL/TS stress (or EMG), this was not confirmed by our experimental study. Another model proposed by Dul et al. (1984) considered that forcesharing strategy is chosen such that fatigue is minimised. Their model included information about the fibre type content in addition of muscle force-generating capacity. This approach echoes pretty well with the greater SOL/TS activation ratio observed at low intensity at the group level. In the absence of measurements of muscle fibre content, it is impossible to determine whether the model proposed by Dul et al. (1984) would predict well the wide range of individual strategies that we
observed. Although these models may be relevant for well-controlled isometric tasks, it is important to acknowledge that results obtained from direct measurement of muscle force during dynamic tasks in animals did not fit adequately with predictions made with the aforementioned models (Herzog and Leonard, 1991) . Indeed, none of these models can predict the change in forcesharing observed with changes in the mechanical constraints of the task (Herzog and Leonard, 1991; [GL and SOL; cat] ; Walmsley et al., 1978; [GM and SOL; cat] ; Whiting et al., 1984; [GM and SOL; cat] ).
Individual force sharing strategies and their functional consequences
These results have important implication for the understanding of individual force sharing strategies. Importantly, for the force to be balanced across the three heads of the triceps surae, the muscle(s) with the lower force-generating capacity should be driven more. However, such a negative correlation was not observed, either for SOL/TS and GM/Gas. This finding provides evidence of an imbalance of force between the three heads, which varies considerably between participants (Fig 4) . Even though the interindividual variability of force-sharing strategies has received little attention in the literature, such a large interindividual variability can be inferred from experimental data measured in animals using force transducers. For example, the ratio of gastrocnemius/SOL peak force measured in five cats during downhill walking varied between 41.5% and 61.0% (data calculated from Table 2 published by (Herzog et al., 1993) ). This force imbalance might have important mechanical effect on the distal tendon (Achilles tendon) that is composed of three compartments, or fascicle bundles, that originate from each of the three heads of the triceps surae (Cummins and Anson, 1946; Szaro et al., 2009) . The load distribution between Achilles subtendons is likely to be determined, at least in part, by the individual force-sharing strategy (Arndt et al., 1998; Bojsen-Moller and Magnusson, 2015; Kinugasa et al., 2013) ; with some strategies having the potential to induce suboptimal loading. For example, a direct relationship between individual muscle contributions and force distribution across the Achilles tendon has been demonstrated on cadaver preparations (Arndt et al., 1999) .
Despite it being tempting to conclude that the large individual differences in force sharing strategies that we report directly translate to individual differences in Achilles subtendons loading, intermuscular force-transmission between the heads of the triceps surae may result in a redistribution of force between the Achilles subtendons, as recently suggested (Maas and Finni, 2018) . It is also possible that every subtendon exhibits different mechanical properties (related to their elastic modulus, cross-sectional area [CSA] , length) and that these properties vary between individuals. As such an imbalance of muscle force would not directly impose an imbalance of strain distribution between the subtendons. In this way, recent studies performed in either animals (rats (Finni et al., 2017) ) and humans (Pekala et al., 2017) have highlighted different mechanical properties between the three subtendons with large differences between individuals (Pekala et al., 2017) . Finally, the twisted structure of the Achilles tendon might also participate in reducing differences in strains between the subtendons (Edama et al., 2015) .
As proposed in the literature, the distribution of loads and strains within the Achilles tendon could be involved in the development of Achilles pathology such as tendinopathy (Bojsen-Moller and Magnusson, 2015; Kannus, 1997) . The present study provides evidence for individual-specific force sharing strategies. Although, it is possible that a subgroup of individuals exhibiting a specific profile of force-sharing strategy is more at risk of developing Achilles tendinopathy, it remains to be demonstrated.
Methodological considerations
There are multiple methodological limitations that require consideration. First, muscle activation was indirectly assessed using surface EMG. In order to minimize crosstalk and to ensure similar electrode location between participants, we used a standardized procedure. Specifically, we
Journal of Experimental Biology • Accepted manuscript determined anatomical landmarks and we used B-mode ultrasound to check the appropriate location of the surface electrodes, away from the border of neighbouring muscles. Despite these precautions, we cannot exclude the possibility that part of individual differences in EMG amplitudes may originate from slightly different placement of the electrodes relative to an individual's anatomy. However, the good between-day reliability of the EMG data (Table 1) provides some evidence that small changes in electrode location did not significantly alter the results. Second, for between-muscle and between-participant comparisons, it was important to normalize the RMS EMG values measured during the submaximal tasks to those measured during MVC. For this normalization procedure to be correct, we ensured that participants reached the maximal voluntary activation level during the MVC task. Results showing voluntary activation close to 100% make us confident that the normalisation procedure was appropriate. Third, we focused on an isometric task because between-muscle difference in torque-generating capacity during a dynamic task requires knowledge of various mechanical factors that are difficult to estimate for each individual in-vivo (e.g. force-velocity and force-length relationships, change in moment arm as a function of joint angles). We therefore considered the differences in PCSA between synergist muscles as representative of differences in force-generating capacity. However, it is important to note that the PCSA values are sensitive to the joint angle tested. In addition,
results cannot be extrapolated to dynamic contractions where activation/force-sharing strategies may be affected by the mechanical constraints of the task (Smith et al., 1980; Wakeling and Horn, 2009 ). Future research might provide further insights into neuromechanical coupling during dynamic tasks by informing muscle modelling (e.g. Dick et al. (2017) with experimental data (e.g.
PCSA, moment arms). Finally, testing was performed with the ankle in the neutral position (0°), where we assumed that the three heads of the triceps surae are at a similar muscle length relative to their optimal length. This assumption seems reasonable for GM and GL because their anatomy (Szaro et al., 2009 ), architecture (Maganaris et al., 1998 ), composition (Johnson et al., 1973 and ascending parts of their force-length relationships (Maganaris, 2003) are very similar. The comparison between gastrocnemii and SOL is less straightforward as their composition, anatomy and function differ. However, at 0°, gastrocnemii and SOL both operate in the ascending limb and plateau region of the force-length relationship, with an optimal angle at about 15° of dorsiflexion for SOL (Maganaris, 2001 ) and at 19° of dorsiflexion for GM (Hoffman et al., 2012) . It seems therefore reasonable to assume that the force imbalance between synergist muscles that we estimated is minimally affected by difference in the operating ranges of the muscles over the forcelength relationship.
Conclusion
This study provides insight into the neuromechanical coupling that exists within synergist muscles during an isometric contraction. An important result lies in the consequences of the activation strategies on the imbalance of the force production between synergist muscles, and the high between individual variability. This large individual variability in the force sharing strategy raises the question of its impact on the Achilles tendon. Further studies are required to investigate whether the individual coordination strategies could constitute an intrinsic risk factor to the development of Achilles tendon disorders.
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Figures
Figure 1: Illustration to explain how the nervous system could account for individual differences in force-generating capacity between synergist muscles. M1 and M2 are two synergist muscles acting across the same joint(s). In the present case, M1 and M2 can be the Gastrocnemius medialis and lateralis. Solution 1: activation is equally shared between synergist muscles, in which case the imbalance of force would match the imbalance of force-generating capacity. Solution 2: the force sharing strategy is similar among individuals with either balanced or imbalanced force between synergist muscles. In this latter case the distribution of activation would vary between individuals. Solution 3: the muscle with the higher force-generating capacity receives greater activation, in which case the overall activation would be reduced but a large imbalance of force would exist. Note that there is a solution 4 (not shown) in which there is no specific coupling between activation and force-generating capacities. Example axial slices are from ~33% of the proximo-distal part of the leg. Muscle volumes were reconstructed in 3D (lateral panels). Then measures of muscle balance were calculated (middle-bottom panel). 1) Functional Physiological cross sectional area (PCSA) was calculated from muscle volume, fascicle length and pennation angle (measured using panoramic ultrasound images, see Fig 3) ; 2) Muscle activation was measured during a submaximal isometric plantarflexion task performed at 20% of the maximal voluntary contraction (% RMS EMGmax); 3) The index of individual muscle force was calculated by multiplying PCSA, muscle activation and specific tension (based on theoretic values; see Methods). In the examples here, the GM/Gas index of force was 44.5% for Participant #7 (left) and 95.1% for Participant #19 (right), which highlights an extreme difference between participants.
Journal of Experimental Biology • Accepted manuscript would be a balanced ratio between synergist muscles (i.e. 50% for GM/Gas and 33.3% for ratios with three muscles considered). GM, gastrocnemius medialis; GL, gastrocnemius lateralis; SOL, soleus. TS, triceps surae. n=20. Table 4 : Coefficients of correlation between the ratio of RMS EMG and both the mean activation of the triceps surae and the index of overall metabolic cost. The ratios of RMS EMG were estimated during the submaximal isometric tasks isometric performed at 20% (20 hold) of the maximal voluntary contraction (MVC) and from 0 to 70% of MVC. Indexes of overall metabolic cost were calculated by considering active muscle PCSA and muscle volume. TS, triceps surae; *, indicates a significant correlation (P<0.05). n=20.
